Abstract Time domain Boundary Element formulations are very well suited to treat wave propagation phenomena in semi-infinte domains, e.g., to simulate phenomena in earthquake engineering. Beside an analytical integration within each time step there is the formulation based on the Convolution Quadrature Method which utilizes the Laplace domain fundamental solutions. Within this technique not only the extension to inelastic material behavior is easy also the formulation of a symmetric Galerkin procedure can be established because the regularisation has to be performed only for the Laplace domain kernels.
Introduction
The Boundary Element Method (BEM) in time domain is especially important to treat wave propagation problems in semi-infinite domains. In this application the main advantage of this method becomes obvious, i.e., its ability to model the Sommerfeld radiation condition correctly. Certainly this is not the only advantage of a time domain BEM but very often the main motivation as, e.g., in earthquake engineering.
The first boundary integral formulation for elastodynamics was published by Cruse and Rizzo (1968) . This formulation performs in Laplace domain with a subsequent inverse transformation to the time domain to achieve results for the transient behavior. The corresponding formulation in Fourier domain, i.e., frequency domain, was presented by Domínguez (1978) . The first boundary element formulation directly in the time domain was developed by Mansur for the scalar wave equation
Institute of Applied Mechanics, Graz University of Technology, Austria e-mail: m.schanz@tugraz.at and for elastodynamics with zero initial conditions (Mansur, 1983) . The extension of this formulation to non-zero initial conditions was presented by Antes (1985) . Detailed information about this procedure may be found in the book of Domínguez (1993) . A comparative study of these possibilities to treat elastodynamic problems with BEM is given by Manolis (1983) . A completely different approach to handle dynamic problems utilizing static fundamental solutions is the so-called dual reciprocity BEM. This method was introduced by Nardini and Brebbia (1982) and details may be found in the monograph of Partridge et al. (1992) . A very detailed review on elastodynamic boundary element formulations and a list of applications can be found in two articles of Beskos (1987 Beskos ( , 1997 .
The above listed methodologies to treat elastodynamic problems with the BEM show mainly the two ways: direct in time domain or via an inverse transformation in Laplace domain. Mostly, the latter is used, e.g., (Ahmad and Manolis, 1987) . Since all numerical inversion formulas depend on a proper choice of their parameters (Narayanan and Beskos, 1982), a direct evaluation in time domain seems to be preferable. Also, it is more natural to work in the real time domain and observe the phenomenon as it evolves. But, as all time-stepping procedures, such a formulation requires an adequate choice of the time step size. An improper chosen time step size leads to instabilities or numerical damping. Four procedures to improve the stability of the classical dynamic time-stepping BE formulation can be quoted: the first employs modified numerical time marching procedures, e.g., Antes and Jäger (1995) for acoustics, Peirce and Siebrits (1997) for elastodynamics; the second employs a modified fundamental solution, e.g., Rizos and Karabalis (1994) for elastodynamics; the third employs an additional integral equation for velocities (Mansur et al., 1998) ; and the last uses weighting methods, e.g., Yu et al. (1998) for elastodynamics and Yu et al. (2000) for acoustics.
Beside these improved approaches there exist the possibility to solve the convolution integral in the boundary integral equation with the so-called Convolution Quadrature Method (CQM) proposed by Lubich (1988) . It utilizes the Laplace domain fundamental solution and results not only in a more stable time stepping procedure but also damping effects in case of visco-or poroelasticity can be taken into account (see Schanz and Antes (1997) or Schanz (2001b) ). This methodology is used in the following to establish a collocation based BEM. Different to the usual collocation methods, here, a saddle point formulation is proposed.
Additionally, a symmetric Galerkin formulation in time domain is presented. For Galerkin type BE formulations see the overview given by Bonnet et al. (1998) . Mostly, those formulations are established for elastostatics. In elastodynamics in Laplace domain Frangi and Novati (1998) have published a symmetric Galerkin formulation in 2D. Here, the time domain formulation based on the CQM is presented for 3D acoustics and elastodynamics utilizing the advantage that the Laplace domain fundamental solutions can be used and, therefore, the regularisation is much more simple compared to a pure time domain approach. Finally, only a weakly singular formulation is achieved. A numerical comparison of both proposed time domain formulations with the classical collocation approach closes the paper.
